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Two-dimensional current transient and trap-state filling of amorphous 
silicon thin-film transistors 
J. S. Huang and C. H. Wu 
Department of Electrical Engineering, University of Missouri-Rolla, Rolla, Missouri 65401:0249 
(Received 21 March 1994; accepted for publication 8 August 1994) 
Two-dimensional simulations of amorphous silicon thin-film transistors are presented for the case 
when source-drain voltage is turned on long before gate voltage is turned on. Discrepancies between 
these results and the one-dimensional results of M. F. Willums, M. Hack, P. G. LeComber, and J. G. 
Shaw [MRS Symp. Proc. 258, 985 (1992)] are discussed. Valid reasons for drain current decay are 
provided, and occupation dynamics for the trap states are shown in order to distinguish these from 
the one-dimensional results of C. van Berkel, J. R. Hughes, and M. J. Powell [J. Appl. Phys. 66, 
4488 (1989)] where a two-fluid model occupation function was assumed. The invalidity of such 
approximation is explicitly demonstrated. The mean trap-filling energy level moves up in three 
stages: First, the level varies with log t, then varies linearly with t, and finally, with log (log t) to a 
steady-state level. 
1. INTRODUCTION II. PHYSICAL MODEL AND NUMERICAL METHOD 
Hydrogenated amorphous silicon thin-film transistors (a- 
Si:H TFI’s) have been used for driving large-area active- 
matrix liquid-crystal display (LCD) and imaging arrays.‘12 In 
these applications it is very important to understand the tran- 
sient behavior of the transistor. We have reported such two- 
dimensional transient characteristics of the transistor when 
both the gate voltage and the drain-source voltage are turned 
on simultaneously. The switch-on time is shown to be related 
to the trap-filling time and is three to five orders of magni- 
tude longer than the transit time.3B4 Hack et aZ.576 have re- 
ported a one-dimensional transient response calculation of 
the drain currents in a different situation where the drain- 
source voltage was turned on before the gate voltage was 
switched on. Their results show that the drain current will 
rise first until it reaches a maximum peak value at around the 
carrier transit time of approximately lo-* s, and then decay 
until it reaches a steady-state value at approximately 10e3 s. 
In this article we present our calculations corresponding to 
the same switch-on conditioii that Hack et al: reported in 
Refs. 5 and 6; however, we will show that the drain current 
should start at a maximum value immediately after the gate 
voltage is turned on, and then decrease monotonically after- 
ward. We can explain our result through the transient behav- 
ior of the gradient of the quasi-Fermi level. In addition, we 
studied the transient behavior of the mean trap-filling level 
during the switch on of a-Si:H TFTs. Under such turn-on 
conditions it can be shown that the mean trap-filling level 
raises in three different regions. They are: (1) log t region; 
(2) linear t region; and (3) log (log t) region. The total charge 
present in the semiconductor layer is plotted as a function of 
time in order to prove the consistency with the drain current 
transient. This is discussed in Sec. III. In our calculations, 
two-dimensional trap-filling dynamics are computed without 
using the two-fluid model approximation made by van Ber- 
kel, Hughes, and Powells which is calculated in one- 
dimensional geometry. In this article we explicitly point out 
the invalidity of such an approximation. 
Figure 1 illustrates the device geometry of the a-Si:H 
TFT under consideration. Figure l(b) shows the magnified 
a-Si:H semiconductor layer with three cross-section lines in- 
dicated. The semiconductor channel length along the source 
drain (x direction) is 1=2 ,um. Both the amorphous semicon- 
ductor film thickness t, , and the insulator thickness are 1000 
A. The origin of the two-dimensional coordinate system is 
located at the semiconductor/source/substrate corner. The y 
direction is from the semiconductor-substrate interface @  
=0) to the insulator-semiconductor interface (y = t,). 
The computation of the two-dimensional transient be- 
havior of a-Si:H TFTs is quite time consuming because it 
involves solving three coupled equations simultaneously, 
with a large amount of trap charges appearing gradually at 
the semiconductor channel. These equations are: a two- 
dimensional Poisson equation; a two-dimensional time- 
dependent continuity equation for electrons, and the occupa- 
tion dynamics of trap states which is described by Simmons- 
Taylor statistics.7 The details of our numerical methods in 
solving these equations are described in our earlier article.3 
The trap-state occupation function f satisfies 
df ~=c+vn(l-f )-e,f, (1) 
where g is the capture cross section, v is the thermal veloc- 
ity, and e, is the emission rate at the trap level E. Note the 
occupation function, f(x,y, E,t), at any location (x,y) and 
time t is Fermi-distribution-like only at t=O and t=m. 
Ill. RESULTS AND DISCUSSIONS 
In our calculations, the drain-source voltage, VDs=2.59 
V (100 kT), is turned on first for a long time before the gate 
voltage, V,=5.18 V (200 kT), is turned on. The following 
input parameters for the a-Si:H Tl?Ts are used: diffusivity 
D, -0.33 cm’/s, temperature T=300 K, LT= 1.0X lo-l4 cm’, 
v=1.0X107 cm2, en= crvN,e-(‘c-E)‘kT, where N,= 1.04 
XlOl’ cma3 and c is the bottom of conduction band. The 
electrostatic potential V in the a-Si:H semicon- 
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FIG. 1. (a) Device geometry of a-Si:HTlQ under consideration. (b) Shown 
here is the magnified hydrogenated amorphous silicon (a-Si:H) semiconduc- 
tor layer only. The x direction is along the source drain and the y direction 
is along the substrate insulator. Our computer results are shown primarily on 
the three cross sections as indicated here. The a-a line is along the x direc- 
tion at the insulator-semiconductor interface (y = t,), the b-b line is along 
the y direction at x=OSE, and the c-c line is along the y direction at 
x=0.91. 
ductor layer for successive intervals of time is shown in Fig. 
2. Figure 2(a) shows the plot of V(x,t) along the x direction 
at the insulator-semiconductor interface [a-a line in Fig. l(b)] 
for successive intervals of time. The electrostatic potential V 
is set at zero at the source contact (x=0). At t= lo-l4 s 
[curve (a)], V increases from the source-contact value to a 
value approximately the same as the applied gate voltage 
along the x direction. In the midsection of the semiconductor 
channel, approximately from x=0.251 to x=0.751, V is 
almost constant of the value VG. After the midsection, V 
decreases to the value of the applied drain-source voltage at 
the drain contact (x = 1). At t= lo-* s, the order of transit 
time, the electrostatic potential V along the a-a line remains 
approximately the same as at t=10-14 s. As time further 
increases, an appreciable amount of free carriers will flow 
into the channel so that the total space charge becomes more 
negative, and the potential tlattens out continuously until 
reaching the steady-state value. For example, at t=lO-’ s 
[curve (c)l, the peak value of V is lower than that at t = lo-l4 
s. It is worth noting that at steady state [curve id)], the mag- 
nitude of potential in the midsection of the channel stays 
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FIG. 3. (a) Electrostatic potential along the a-a line in the aSi:H semicon- 
ductor layer of Fig. l(a). (b) Similarly, electrostatic potential along the b-b 
line. y=O is at the semiconductor-substrate interface, and y =l is at the 
insulator-semiconductor interface. Note that the y axis is plotted inversely. 
Each curve is for a different time: (a) 10-14--1 O-’ s; (b) 10m6 s; (c) 10m5 s; 
and (d) low3 s to steady state. (c) Electrostatic potential along the c-c line. 
Each curve is for a different time: (a) 10-‘4-10-7 s; (b) lo-’ s; and (c) 10e3 
s to steady state. 
slightly higher than the drain source voltage, and thus pos- 
sesses the possibility of large scale self-trapping. The self- 
trapping effect can occur whenever we add an additional 
small amount of free carriers into the channel through the 
optical excitation method. Because of the potential barrier 
created near the drain contact, most of these free carriers will 
be trapped in the midchannel instead of flowing through the 
channel into the drain; that is, those carriers stay at the bot- 
tom of the conduction band creating a higher conductivity 
region. This electron self-trapping effect occurs when we ap- 
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pIy a Iarge gate voltage that creates enough trapped charges 
along the channel that a potential barrier exists near the drain 
region. This ability to trap free carriers is similar to the situ- 
ation in charged-coupled devices using crystalline material. 
Figure 2(b) shows electrostatic potential V(y ,t) along the y 
direction at x= 0.5 1 [b-b line in Fig. l(b)] for successive 
intervals of time. Along the b-b line, V has the highest value 
at the insulator-semiconductor interface (normalized to 
y =l), and decreases monotonically to the semiconductor- 
substrate interface (y =0) for all time intervals; however, the 
voltage difference along the b-b line is small for ~~10~~ s 
[curve (b)], and then the difference increases continuously 
with time increasing. Finally, when time reaches steady state 
[curve Cd)], there is a maximum value of voltage difference 
along the line. Similarly, Fig. 2(c) shows V(y ,t) along the y 
direction at x= 0.91 [the c-c line in Fig. l(b)] for successive 
intervals of time. Along the c-c line at t= lo-l4 s [curve (a)], 
the magnitude of V is smaller than that at the b-b line, but the 
voltage difference is much larger than that at the b-b line [by 
comparing with Fig. 2(b), curve (a)]. As time increases, the 
voltage difference along the c-c line remains about the same 
until steady state is reached [curve (c)l. From Figs. 2(a), 
2(b), and 2(c), the two-dimensional voltage transient behav- 
ior of a-Si:H TFJYs is seen to be as follows: Before the gate 
voltage is turned on, the electric field intensity is nonzero . . only m the x drrectron because V,, is already turned on. 
Immediately after the gate voltage is applied, the electric- 
field intensity created near the source and drain contact along 
the x direction is very large, but the electric field remains 
very weak in the midsection of the channel [see Fig. 2(a), 
curve (a!]. Because of the strong electric fields near the two 
terminals, the free carriers are pulled in from both the source 
and drain contacts and are accumulated at the insulator semi- 
conductor interface. The amount of accumulation is not yet 
appreciable at t = lo-l4 s. Thus, the electric-field intensity in 
the y direction remains almost zero in the midsection of the 
channel [see Fig. 2(b), curve (a)], but it is not zero near both 
the insulator/semiconductor/source and insulator/ 
semiconductor/drain comers. At these corners, the electric- 
field intensity in the y direction is still much smaller than 
that in the x direction [by comparing Fig. 2(c), curve (a) with 
Fig. 2(a), curve (a)]. As time further increases toward the 
steady-state time, the electric-field intensity in the x direction 
near the source and drain contact keeps decreasing, and the 
electric-field intensity near the midsection of the channel is 
almost zero. In the y direction, the electric-field intensity 
near the source and drain contact is about the same as the 
value at t=10-14 s, but the electric-field intensity near the 
midsection of the channel keeps increasing as time increases. 
Also, the electric-field intensity at the y= t, interface in- 
creases faster than the intensity at the y =0 interface, and it 
finally reaches the maximum value at steady state [see Fig. 
2(b), curve (d)]. 
The quasi-Fermi level E relative to the equilibrium value 
is shown in Fig. 3 for successive intervals of time. Figure 
3(a) shows the figure of E(x,t) along the a-a line for succes- 
sive intervals of time. From t=10-14 s [curve (a)], E de- 
creases continuously until it reaches the steady-state value 
[curves (b)-(f)]. Note that in Fig. 3(a) the magnitude of the 
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FIG. 3. (a) Quasi-Fermi level along the a-a line in the a-Si:H semiconductor 
layer of Fig. l(b). Each curve is for a different time: (a) lo-r4 s; (b) 10-s s; 
(c) low7 s; (d) lo-” s; (e) 10e5 s; and (f) low3 s to steady state. (b) Similarly, 
quasi-Fermi level along the b-b line. Each curve is for a different time: (a) 
lo-r4 s; (b) lo-’ s; (c) lo-’ s; (d) 10m6 s; (e) lo-” s; and (f) low3 s to steady 
state. (c) Quasi-Fermi level along the c-c line. Each curve is for a different 
time: (a) lo-r4 s; (b) 10-s s; (c) lo-’ s; and (d) lo-’ s to steady state. 
gradient of the quasi-Fermi level dEldx at the drain contact 
(normalized to x=1) is at the maximum value initially and 
then always decreases monotonically with time. At the order 
of carrier transit time, low8 s, dE/dx (x = 1) decreases even 
more rapidly until t = 10e3 s. E(y,t) along the b-b line for 
different intervals of time is shown in Fig. 3(b). At any time 
interval, the quasi-Fermi level difference along the b-b line is 
very small. Figure 3(c) shows E(y,t) along the c-c line for 
different time intervals. At t = lo-l4 s [curve (a)], the deriva- 
tive of E with y is large near the insulator-semiconductor 
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FIG. 4. (a) Free-carrier density along the a-a line of Fig. l(b). Each curve is 
for a different time: (a) lo-l4 s [note that curve (a) indicates an initial pit of 
carrier concentration near x=1]; (b) lo-’ s; (c) 10-s s; (d) 10m7 s; (e) 10-e 
s; (f) 10-s s; and (g) lo-’ s to steady state. (b) Free-carrier density along the 
b-b line. Each curve is for a different time: (a) lo-l4 s; (b) 10M9 s; (c) 10-s 
s; (d) lo-’ s; (e) 10m6 s; (f) 10m5 s; and (g) 10e3 s to steady state. (c) 
Free-carrier density along the c-c line. Each curve is for a different time: (a) 
lo-r4 s; (b) lo-’ s; (c) lo-’ s; and (d) 10M3 s to steady state. 
interface (normalized to y = l), which means that at this time 
interval the conduction current in the y direction along the 
c-c line is largest at the y = t, interface, and then decreases 
continuously along the y direction to the y=O interface. 
From lo-’ s on [curve (b)], the differences in E along the c-c 
line are very small. The free-carrier density TZ, as determined 
by the electrostatic potential and quasi-Fermi level, is shown 
in Fig. 4. Figure 4(a) shows n(x,t) along the a-a line for 
different time intervals. At t = lo-r4 s [curve (a)], there is a 
“pit” near the drain contact because the drain source is al- 
ready turned on. At t= lo-’ s [curve (b)], the two peaks near 
the source and drain contacts reflect the fact that extra free 
carriers are being drawn into the semiconductor channel 
from both the source and drain contacts. At t = lo-’ s [curve 
(c)l, the channel is now weakly formed. Thus, this is the 
order of transit time. Note that the simple transit-time for- 
mula, t = 12/p.VDs is totally inaccurate to estimate transit 
time whenever a large amount of space charge is involved. 
At transit time, the free-carrier density is still about five or- 
ders of magnitude below the steady-state value. At t = lo-’ s 
[curve (f)], there is about one order-of-magnitude difference 
below the steady-state value. Note that the free carriers do 
not accumulate near both the source and drain contact at this 
time interval because the band bendings near both the source 
and drain contact are very large, and those two regions are 
just like depletion regions of metal-semiconductor contacts. 
From 10W3 s on there is no appreciable difference in the 
free-carrier density. The steady-state value is thus shown in 
[curve (g)]. Figure 4(b) shows n(y,t) along the b-b line for 
different time intervals. From lo-l4 s [curve (a)] on, the free 
carriers keep accumulating at the immediate region of the 
insulator-semiconductor interface. At t = lo-’ s [curve (f)], 
there is about one order-of-magnitude difference in the free 
carrier density along the y direction. And at steady state 
[curve (g)], the difference in the magnitude of the free-carrier 
density in the y direction is about two orders of magnitude. 
Figure 4(c) shows n(y , t) along the c-c line for different time 
intervals. At t=10-14 s [curve (a)], n is low because the V,, 
is turned on. At t=10w9 s [curve (b)], n increases several 
orders of magnitude because at this time interval the free 
carriers have been pulled in from the drain contact [see Fig. 
4(a), curve (b)]. Note that the pulled-in free carriers are ac- 
cumulated mainly at the y = t, interface, and there is about 
one order of magnitude difference in the free-carrier density 
along the c-c line. From t=10m9 s to t = 10m5 s [curve (c)l, 
the p1 along the c-c line hardly increases because of large 
band bending along the x direction at these time intervals, 
and this location is almost like the depletion region of a 
semiconductor-metal contact. From t=10m5 s to t=10m3 s 
[curve (d)], the magnitude of the free-carrier density in- 
creases by five orders of magnitude because the band bend- 
ing along the x direction decreases. The transient behavior of 
free-carrier density, the n(x,y,t), is also shown in Fig. 5 for 
three different time intervals. Figure 5(a) shows n(x,y,t) at 
t =10e9 s. The two peaks accumulated at the y = ts interface 
clearly indicate that the free carriers are being pulled in from 
both the source and dram contact. At t=lO-’ s [Fig. 5(b)] 
there is a roughly uniform channel along the x direction. The 
n(x,y) does not accumulate very much near both the source 
and dram contact because these regions remain the depletion 
regions of semiconductor-metal contacts. Note that there is 
one order-of-magnitude difference in a(x,y) along the y di- 
rection. At steady state [Fig. 5(c)], the free carriers are 
mainly accumulated at the immediate region of insulator- 
semiconductor interface, and there is more than two orders- 
of-magnitude difference in n(x,y) along the y direction [as 
shown in Fig. 4(b), curve (g) and Fig. 4(c), curve (d)]. When 
we compare these results with our earlier calculations3 we 
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FIG. 5. Free-carrier density as a function of position (x,y). Each curve is 
for a different time: (a) 10Y9 s; (b) lo-’ s; and (c) steady state. 
note that the only difference between turning on V,, first and 
turning on V,, and V, simultaneously is that the transient 
currents are different for tG10V8 s (transit timej. There is no 
difference between the two transient behaviors after that 
transit-time stage is reached. This result can also be intu- 
itively concluded. That is, if a small amount of charge has 
been pulled in to fill the initial “pit” of carrier concentration 
near the drain region, the two cases will no longer have any 
differences. The gate current I,, source current I,, and drain 
current 1o , are shown in Fig. 6 as a function of time. The 
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FIG. 6. Terminal currents In, I,, and Io per unit channel width as a func- 
tion of time. Note that there is no peak for ID near the transit time. 
ID= - I fsJ,(x=l)dy, (2) 0 
where J,, is the electron current in the x direction. J,, is 
given by 
J,,= -qD,n ;, 
where D, is the semiconductor’s diffusivity and E is the 
dimensionless quasi-Fermi level. At the drain contact x = 1, 
the boundary free-carrier density n, as shown in Fig. 4(a), is 
a constant of 3.3 X lOlo cmV3 . Thus, the magnitude of J,, and 
I, is determined by the magnitude of dEl& at x = 1. As we 
have shown in Fig. 3(a), the dE/dx(x=Z) is always a maxi- 
mum initially and decreases monotonically with time. For 
this reason we conclude that drain current I,, will not have 
a peak value at transit time; thus, our results differ from 
those in Refs. 5 and 6. When t is of the order of transit time, 
I, decreases even more rapidly until t=10W3 s, at which 
time I, reaches steady-state value. In Fig. 6 the I, curve is 
obviously not in agreement with the published results by 
Hack et al. in Refs. 5 and 6; however, we also note that, at 
present, the drain current at those short time ranges are not 
available experimentally for verification. The integrals of the 
total space-charge density and free-carrier density, over the 
whole semiconductor’s layer as a function of time, are shown 
in Fig. 7. Figure 7, using log scale of time, indicates that the 
number of total space charge and free carriers per unit width 
initially increase slowly until the order of 10-l’ s, then in- 
crease approximately linearly with log t until the order of 
10-j s, and then reach the value of steady state. Note that if 
we extrapolate the derivative d(S:Sfp dx dy)/dt from Fig. 
7, curve (b), it will have the highest value initially at 
tg()-14 s and then decrease monotonically with time. Since 
the increasing of free carriers in the semiconductor layer is 
due totally to the free carriers that have been pulled in from 
both the source and drain contacts, then the highest increas- 
ing rate of free carriers at the time of lo-l4 s also indicates 
that ID is maximum at that time. 
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FIG. 7. The integrals of the total space-charge density [curve (a)] and free- 
carrier density [curve (b)] over the whole semiconductor’s layer as a func- 
FIG. 9. Mean trap-filling level as a function of time. Each curve is for a 
tion of time. Note that when ~10-r~ s, the integral of total space-charge 
different location along the channel: (a) x=0.51, y=t,; (b) x=0.751, 
density is on the opposite sign and cannot be shown in this figure. 
y=t,; and (c)x=K91,y=r,. 
The occupation function f(x,y , E, t) depends on the gap- 
state energy 6, position (x,y), as well as time t. At x=0.51 
and y = ts , f ( E, t) is shown in Fig. 8 as a function of gap 
energy at various time intervals. It is clearly illustrated that 
during the switch on the occupation function exhibits a non- 
uniform partial filling of higher-energy trap states from 
t= 10m7 s [curve (b)] to t=10m6 s [curve (f’)]. This trap-filling 
characteristic exists at any position inside the channel. Figure 
8 shows the mean trap-filling level e(t) as a function of time 
at three different locations along the channel. The mean trap- 
filling level, determined by the condition 
is satisfied in analogy with the half-filled definition of the 
corresponding Fermi level. Note that because of the nonuni- 
form partial-filling characteristics off, e(t) is determined by 
the trap level at which f is averagely filled, rather than de- 
termined by the trap level at which f is 0.5. As shown in Fig. 
9, the net rate of electron filling of the trap states is small 
initially and increases weakly linear with time. Thus, the e(t) 
level moves up weakly with a log t behavior because of the 
exponential increase of the density of trap states. After the 
order of transit time, there is an exponential surge of net 
electron capture at the evaluating location. Thus, the trap- 
filling level moves up linearly with time. After the exponen- 
tial peak, the e(t) moves up so close to the conduction-band 
edge that the emission rate becomes large and the net rate of 
electron filling is exponentially dropped. This leads to a log 
(log t) behavior of mean trap-filling level. Our solution of 
f(x,y, E,t) clearly indicates that at any location (x,y) and 
O<t<q f, as a function of 6, are non-Fermi-distribution- 
like; however, in their one-dimensional computation, van 
Berkel and co-workersa proposed a two-fluid model to 
evaluate the trap-state occupation dynamics. Equation (1) 
can have an exponential solution if n(x,y,t) is a very slow- 
varying function of time. If indeed, this is true, then one will 
have 
f(E,t)=f(E,Ef)+Cf(E,Ef0)-f(E,Ef)le-”~~), (4) 
where f( E, ~~~~ is the occupation function at t =O, f (e, Ed) is 
the occupation function at t-m, and 7(e) is a time constant. 
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1.72 
deff(f) 1 dn(t) -=kT-- 
dt n(t) dt ’ (6) 
Therefore, the validity of Eq. (4) is tied to the value of drill 
dt, which can be approximated by 
dn(t) n(t) -- 
FIG. 8. Occupation function at x = 0.51, y = t, . Each curve is for a different dt -y’ 
(7) j 
time: (a) lo-l4 s; (b) 10m7 s; (c) 1.78X10-’ s; (d) 3.16X10F7 s; (e) 
5.62X10-’ s; (f) lo-” s; (g) lo-’ s; and (h) steady state. Note the partial where 7, is the time constant of the free-electron density. If 
filling from curves (b) to (f) are non-Fermi distribution functionlike and 7, is sufficiently large as compared to the observation time t, 
cannot be approximated by a two-fluid model distribution function. van Berkel and co-workers argued that Eq. (4) may be a 
5986 J. Appl. Phys., Vol. 78, No. 10, 15 November 1994 J. S. Huang and C. H. Wu 
-0.2 




lo-l4 ldfZ lo-l0 10” lob KY4 1ti2 loo 
TIME ( set ) 
FIG. 10. The q(t) derived from Eq. (5) as a function of time. Each curve is 
for a different location along the channel: (a) x=0.51, y=t,; (b) x=0.51, 
y=OSt,; and(c) x=0.91,y=ts. 
valid approximation. By substituting Eq. (7) into Eq. (6), 
they arrived at a condition for the validity of the two-fluid 
approximation,’ 
(8) 
To verify whether their model is acceptable, we evaluate 
the condition of Eq. (8) from our n(x,y , t). The ef(t) derived 
from Eq. (5) as a function of time is evaluated at three loca- 
tions of the semiconductor layer and is shown in Fig. 10. 
Curve (a) is located at x = 0.51, y = t, , curve (b) is at 
x=0.51, y=OSt,, and curve (c) is at x=0.91, y=t,. Fig- 
ure 10 shows that at position (a), or at the middle point of the 
insulator-semiconductor interface, 4 increases slowly with 
time initially. From t= lo-’ s on, because the two free- 
carrier density peaks merge together at the middle region of 
the semiconductor layer, the magnitude of n at position (a) 
begins to increase rapidly with time. According to Eq. (5), 
the transient behavior of Ef reflects the transient behavior of 
IZ. Thus, 4 increases rapidly with time from t= 10V9 s to 
t =10b4 s. After t =iOd4 s, 4 almost reaches its steady-state 
value at position (a). At position (b), the middle point of the 
whole semiconductor layer, the magnitude of n is about the 
same value as at position (a) when t610M7 s. Thus, 4, at 
position (b), is about the same value as at position (a) at this 
time interval. At t>10d7 s, the magnitude of n at position (b) 
increases more slowly than at position (a). At t=10v5 s it 
almost reaches the steady-state value, which is much smaller 
than the value at position (a). This trend is also shown in 
curve (b) of Fig. 10. Similarly, at position (c), near the drain 
contact at the insulator-semiconductor interface, there exist 
two periods of time at which rzf increases rapidly with time. 
The first period is from t=lO-l1 s to t=10w9 s. At this in- 
terval, the free-carrier density peak reaches position (c). 
Thus, .zzf increases rapidly with time. From t=10m9 s on, n 
increases slowly. The second period is from t= 10m5 s to 
t=10m4 s. At this interval, free-carrier density begins to ac- 
cumulate mainly at the insulator-semiconductor interface as 
shown in Figs. 4(d) and 4(e). Thus, ef at position (c) in- 
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FIG. 11. Id.c~t)ld ln tl as a function of time. Curves (a)-(c) are at the same 
locations as in Fig. (9). Curve (dj is the constant value of kT. 
that at position (a). The derivative Idef(t)/d In tl, as a func- 
tion of time at these three locations, is shown in Fig. 11. This 
figure clearly indicates that at position (a), Eq. (8) is not 
satisfied for the intervals of t=10m9 s to t=10m4 s, which are 
the important time periods to investigate the transient behav- 
ior of occupation functions. Similarly, at position (b), Eq. (8) 
is not valid for the intervals of t =10m9 s to t=lO-” s. And at 
position (c), Eq. (8) is not correct for the time between 
t=10-I2 s to t=10-9 s and t = lo-’ s to t =10m3 s. Because 
the increasing of free-carrier density is nonuniform in the 
semiconductor layer during switch-on transient, the condi- 
tion of Eq. (8) is violated at different intervals depending on 
its position in the semiconductor layer. Thus, generally 
speaking, the two-fluid model approximation of the occupa- 
tion function is not a valid one. 
Iv. CONCLUSION 
We show that turn-on time remains the time required to 
fill the trap states and is independent of the transit time, 
which is three to five orders-of-magnitude smaller, whether 
the source-drain voltage is turned on first before the gate 
voltage, or turned on simultaneously. The reason for drain 
current decay and the absence of a drain current peak at the 
transit time is explained through the value of the gradient of 
quasi-Fermi level at the drain contact. This assessment is 
consistent with the computed time evolution of total free 
carriers inside the semiconductor layer. Our result therefore 
differs from those of Hack et al. Since our occupation dy- 
namics are treated fully, we use our numerical results to ex- 
plicitly show the invalidity of the two-fluid approximation 
made by van Berkel and co-workers. The mean trap-filling 
energy level is shown to move up in three different regions 
as indicated by the sequence of log t, linear t, and log (log t) 
behavior. 
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